A fixed-dose combination (FDC) of ertugliflozin, a selective sodium-glucose cotransporter 2 inhibitor, and immediaterelease metformin is approved for the treatment of type 2 diabetes mellitus in the United States and European Union. Four open-label, randomized, 2-period, single-dose, crossover studies were conducted under fasted conditions in healthy subjects to demonstrate bioequivalence of the ertugliflozin/metformin FDC tablets and coadministration of the individual components at respective strengths. In each study, 32 or 34 subjects received an ertugliflozin/metformin FDC tablet (2.5 mg/500 mg, 7.5 mg/850 mg, or 7.5 mg/1000 mg) and the respective doses of individual components (ertugliflozin with US-or EU-sourced metformin [Glucophage]). Plasma samples for ertugliflozin and metformin concentrations were collected for 72 hours in each period. For both ertugliflozin and metformin, the 90% confidence intervals for the adjusted geometric mean ratio (FDC : coadministration) for area under the plasma concentration-time profile from time zero extrapolated to infinity and maximum observed plasma concentration were within acceptance criteria for bioequivalence. The majority of adverse events were mild in intensity. The studies demonstrated that each strength of FDC tablet is bioequivalent to respective doses of coadministered individual components, supporting that safety and efficacy can be bridged to the individual components used in phase 3 studies evaluating ertugliflozin in combination with metformin.
The global health and economic burden of diabetes is significant. In the United States, 23.1 million people are currently diagnosed with diabetes, with type 2 diabetes (T2DM) accounting for 90% to 95% of cases. 1 It is estimated that 693 million adults globally will have diabetes by 2045. 2 Treatment options for patients with T2DM include sodium-glucose cotransporter 2 inhibitors, which reduce plasma glucose and glycated hemoglobin (A 1C ) by reducing renal glucose reabsorption and lowering the renal threshold for glucose excretion, thus increasing urinary glucose excretion. 3, 4 The oral selective sodium-glucose cotransporter 2 inhibitor, ertugliflozin, is rapidly absorbed, with median time to peak plasma concentration (t max ) occurring at ß1 hour postdose under fasted conditions and ß2 hours postdose in the fed state. 5 Terminal half-life (t 1/2 ) ranges from 11 to 17 hours across the dose range of 0.5 mg to 300 mg, with maximum observed plasma concentration (C max ) and area under the plasma concentration-time profile from time 0 extrapolated to infinity (AUC inf ) increasing in a dose-proportional manner over the range of 0.5 to 300 mg. 6 Absolute bioavailability of ertugliflozin is ß100%. 7 Metabolism of ertugliflozin is mainly via glucuronidation (uridine diphosphate glucuronosyltransferase isozymes 1A9 and 2B7) and to a lesser extent oxidative metabolism (cytochrome P450 [CYP] isozymes 3A4 and 3A5). 6, 8 The 8 metabolites and unchanged ertugliflozin (35.3%) are excreted via feces (40.9%) and urine (50.2%). 8 Ertugliflozin has no clinically meaningful pharmacokinetic interactions with sitagliptin, metformin, glimepiride, simvastatin, or rifampin. 9, 10 Phase 3 studies have shown that once daily (QD) ertugliflozin 5 mg and 15 mg improves glycemic control, reduces body weight, and is well tolerated in patients with T2DM when used as monotherapy 11 or added to metformin 12 or metformin/sitagliptin, 13 with reductions in blood pressure also seen. 12, 13 Metformin is a biguanide antihyperglycemic agent that improves glycemic control through multiple mechanisms, including a decrease in hepatic glucose production. 14 Additional gastrointestinal mechanisms may also contribute to improved glycemia, including increased metabolism in enterocytes (reducing net glucose uptake), increased secretion of glucagon-like peptide 1, and modification of the gut microflora. 14 Metformin has an established clinical efficacy, safety, and tolerability profile for first-line treatment of T2DM. 15 The absolute bioavailability of metformin 500 mg given under fasting conditions is ß50% to 60%. 16 Studies using single oral doses of metformin from 500 to 2550 mg showed that absorption is decreased at higher doses. [16] [17] [18] Following absorption, it is rapidly distributed and negligibly bound to plasma proteins. 17, 18 There have been no metformin metabolites or conjugates identified, which suggests that it does not undergo hepatic metabolism nor biliary excretion. 17, 18 Renal clearance is greater than the creatinine clearance, which indicates that renal tubular secretion is the major route of metformin elimination. 17, 18 Following oral administration, 30% of the total dose is excreted in feces, and the remaining 70% is excreted unchanged in the urine. 16 The t 1/2 of metformin is significantly increased in patients with renal impairment. 18 Coadministration of ertugliflozin and metformin in a phase 1 study showed that there were no changes in pharmacokinetics (PK) compared with either agent administered alone. 9 The 2 agents have also been coadministered in phase 3 trials, 12, 13, [19] [20] [21] and ertugliflozin given on a background of metformin was well toler-ated and reduced A 1C , fasting plasma glucose, body weight, and blood pressure compared with metformin alone. 12 Fixed-dose combination (FDC) formulations of ertugliflozin plus immediate-release metformin are available, with tablets containing ertugliflozin/metformin 2.5 mg/500 mg, 2.5 mg/1000 mg, 7.5 mg/500 mg, and 7.5 mg/1000 mg (in the United States) or 2.5 mg/850 mg, 2.5 mg/1000 mg, 7.5 mg/850 mg, and 7.5 mg/1000 mg (in the European Union). As immediate-release metformin is dosed twice daily (BID), the ertugliflozin/metformin FDC will be dosed BID. Therefore, 2.5 mg and 7.5 mg BID doses of ertugliflozin (half that of the QD doses) were selected for the FDC formulation and are expected to be well tolerated in healthy subjects.
In order to bridge the phase 3 efficacy and safety data 12 with the FDC tablet formulation, 4 phase 1, single-dose, open-label, randomized, 2-period, crossover bioequivalence studies were conducted. Two studies compared ertugliflozin/metformin FDC at the highest and lowest strengths of both components (ertugliflozin 7.5 mg/metformin 1000 mg and ertugliflozin 2.5 mg/metformin 500 mg) with respective strengths of metformin (US-sourced Glucophage) coadministered with ertugliflozin. Two further studies compared ertugliflozin/metformin FDC at the higher strength of ertugliflozin (ertugliflozin 7.5 mg/metformin 1000 mg and ertugliflozin 7.5 mg/metformin 850 mg) with the respective strengths of metformin (EU-sourced Glucophage) coadministered with ertugliflozin. The choice of the reference compound (US-versus EU-sourced Glucophage) as well as the FDC dose strengths to be studied were dependent on agreements with the US Food and Drug Administration and European Medicines Agency.
The primary objective of these studies was to demonstrate bioequivalence of the ertugliflozin/ metformin FDC tablets vs coadministration of the individual components at respective strengths, under fasting conditions in healthy subjects. The secondary objective was to evaluate the safety and tolerability of the FDC tablets and the coadministered individual tablets.
Methods

Study Design
Four phase 1, single-dose, open-label, randomized, 2-period, crossover bioequivalence studies were conducted in healthy subjects, with 32 subjects to be enrolled per study. All 4 studies were conducted in compliance with the ethical principles originating in or derived from the Declaration of Helsinki and in compliance with all International Conference on Harmonisation Good Clinical Practice guidelines. All participants provided signed and dated informed consent. The studies were conducted at 2 Pfizer Clinical Research Units (New Haven, Connecticut, for studies using US-sourced metformin; or Brussels, Belgium, for studies using EU-sourced metformin). For each study, the final protocol and informed consent documentation were reviewed and approved by the Independent Ethics Committee at the research unit (Comite' d'Ethique Hospitalo-Facultaire Erasme-ULB, Brussels, Belgium; and IntegReview Ethical Review Board, Austin, Texas).
Each study consisted of a screening visit and 2 study periods; screening occurred within 28 days of the first dose of study medication in period 1. Eligible subjects were admitted to the clinical research unit on day 0 of each treatment period. Subjects received a single dose of assigned study medication as FDC or coadministered tablets (ertugliflozin 7.5 mg + metformin [US] 1000 mg, ertugliflozin 2.5 mg + metformin [US] 500 mg, ertugliflozin 7.5 mg + metformin [EU] 1000 mg, or ertugliflozin 7.5 mg + metformin [EU] 850 mg) on the morning of day 1 after an overnight fast of ࣙ10 hours. Ertugliflozin/metformin FDC was administered as a single tablet. For coadministration, metformin 1000 mg, 850 mg, and 500 mg doses and ertugliflozin 2.5 mg were administered as single tablets, whereas the ertugliflozin 7.5 mg dose was administered as one 5-mg and one 2.5-mg tablet. Treatments were administered at approximately the same time of day in each period. Subjects who received coadministered tablets in period 1 were crossed over to FDC at the equivalent dose in period 2 and vice versa. Dosing in each period was separated by a washout period of at least 7 days.
In order to standardize conditions on PK sampling days, all subjects were required to refrain from lying down, eating, and drinking beverages other than water during the first 4 hours after dosing. Water was withheld for 1 hour predose and 1 hour after the administration of the study medication, except for the 240 mL given with the dose.
Subjects
Eligible subjects were healthy male or female adults aged 18 to 55 years at the time of screening, with a body mass index of 17.5-30.5 kg/m 2 and total body weight >50 kg (110 lb). Healthy was defined as no clinically relevant abnormalities identified by a detailed medical history and full physical examination, including blood pressure and pulse rate measurement, 12-lead electrocardiogram, and clinical laboratory tests.
Exclusion criteria included: evidence or history of clinically significant hematologic, renal, endocrine, pulmonary, gastrointestinal, cardiovascular, hepatic, psychiatric, neurologic, or allergic disease; any clinically significant malabsorption condition; positive urine screen for drugs of abuse or recreation; history of alcohol abuse or binge drinking, and/or any other illicit drug use or dependence within 6 months of screening; estimated glomerular filtration rate <80 mL/min/1.73 m 2 based on the 4-variable Modification of Diet in Renal Disease equation 22 ; screening supine blood pressure ࣙ140 mm Hg (systolic) or ࣙ90 mm Hg (diastolic); known hypersensitivity or intolerance to any sodium-glucose cotransporter 2 inhibitor or metformin; and pregnant or breastfeeding females.
Pharmacokinetic Sample Assessments
Serial blood samples were collected to provide plasma for PK analysis at the following time points in each period: predose (0 hours) and 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 48, and 72 hours after administration.
Plasma samples were analyzed for ertugliflozin and metformin concentrations using validated, sensitive, and specific high-performance liquid chromatographytandem mass spectrometry methodology (WuXi AppTec, Shanghai, China). Calibration standard responses were linear for ertugliflozin and metformin over the range of 0.500 to 500 ng/mL and 2.00 to 1000 ng/mL, respectively, using a weighted (1/concentration 2 ) linear least squares regression. The lower limit of quantification (LLOQ) was 0.500 ng/mL for ertugliflozin and 2.00 ng/mL for metformin. Betweenday assay precision and accuracy data for ertugliflozin and metformin plasma concentrations for each study are shown in Table S1 . Detailed methodology for the ertugliflozin and metformin assay procedures have been previously published. 9, 23 The following plasma ertugliflozin and metformin PK parameters were calculated for each subject for each treatment using noncompartmental analysis of plasma concentration-time data: C max , t max , area under the plasma concentration-time profile from time 0 to the time of the last quantifiable concentration (AUC last ), AUC inf , and t 1/2 . Samples below the LLOQ were set to zero for analysis. PK parameter values were calculated using a Pfizer-validated software system, electronic noncompartmental analysis (eNCA, version 2.2.4).
Safety Assessments
Adverse event (AE) monitoring, physical examination, blood pressure, pulse rate, and measurement of clinical laboratory parameters were performed at screening and throughout the duration of study participation. Subjects received a follow-up phone call 14 ± 3 days after administration of the last dose of study medication in period 2 to assess for AEs. Medical Dictionary for Regulatory Activities version 18.1 coding was applied. 
Statistical Analysis
The PK concentration population was defined as all subjects treated who had at least 1 concentration measurement. The PK parameter analysis population was defined as all subjects treated who had at least 1 of the PK parameters of interest. Natural log-transformed AUC inf , AUC last , and C max of ertugliflozin and metformin were analyzed using a mixed-effects model with sequence, period, and treatment as fixed effects and subject within sequence as a random effect. Estimates of the adjusted (least squares) mean differences (test/reference) and corresponding 90% confidence intervals (CIs) were obtained from the model. The adjusted mean differences and 90%CIs for the differences were exponentiated to provide estimates of the ratio of adjusted geometric means (test/reference) and 90%CIs for the ratios. For each FDC strength, the FDC tablet was to be declared bioequivalent to coadministration if the 90%CIs for the geometric mean ratios (GMRs) for ertugliflozin and metformin AUC inf and C max were within 80% and 125%.
A sample size of 32 subjects (16 subjects per sequence) per study was estimated to provide 99% power that the 90%CIs for GMRs would lie within the acceptance region for each of the ertugliflozin PK parameters (AUC inf and C max ) and metformin PK parameters (AUC inf and C max ). Therefore, each study provided at least 96% overall power to meet bioequivalence criteria for ertugliflozin and metformin AUC inf and C max . The sample size calculations assumed a true GMR of 1.05 and were based on estimates of within-subject standard deviations of 0.0956 and 0.1519 for ertugliflozin AUC inf and C max , respectively, and 0.1337 and 0.1698 for metformin AUC inf and C max , respectively, obtained from previous crossover studies conducted by Pfizer and/or Merck. Subjects who dropped out were replaced at the discretion of the sponsor to ensure 32 evaluable subjects, and replacements had the same treatment sequence as the subjects they replaced.
Results
Study Subjects
Subject demographics and baseline characteristics are shown in Table 1 . In each study, 32 subjects were randomized to receive treatment. Four subjects discontinued because they were no longer willing to participate for personal reasons and were replaced: 2 subjects from the ertugliflozin 7.5 mg + EU-sourced metformin 1000 mg study and 2 subjects from the ertugliflozin 7.5 mg + EU-sourced metformin 850 mg study. All other subjects received assigned treatments and completed the study. Across the 4 studies, a higher proportion of subjects were male (58%-91%) than female. In the 2 studies assessing the bioequivalence using USsourced metformin, the majority of subjects were black (53%-62%), while in the remaining 2 studies assessing the bioequivalence of FDC with EU-sourced metformin, the majority of subjects were white (82%-91%).
Pharmacokinetic Assessments
Following a single oral administration of the ertugliflozin/metformin FDC tablet or coadministration as individual tablets under fasted conditions, the mean plasma ertugliflozin and metformin Figure 1 . Mean ± SD plasma ertugliflozin concentration-time profiles following a single oral dose of ertugliflozin/metformin FDC or coadministration as individual tablets under fasted conditions. Linear (principal plots) and semilogarithmic (inset plots) scales are shown. Values below the lower limit of quantification (0.500 ng/mL) were set to 0 ng/mL for analysis. Summary statistics not calculated for time points with no observations above the lower limit of quantification (ie, 72-hour time point for ertugliflozin in ertugliflozin 2.5 mg/metformin 500 mg). FDC, fixed-dose combination; SD, standard deviation.
concentration-time profiles were nearly superimposable for all doses evaluated in the 4 studies (Figures 1  and 2 ). PK parameters are summarized descriptively in Table 2 . The arithmetic as well as geometric means for ertugliflozin and metformin C max , AUC inf , and AUC last were similar between the FDC and respective coadministered tablets, for all doses studied. For each treatment (FDC and coadministered tablets), ertugliflozin median t max occurred at ß1 hour postdose, indicating rapid oral absorption. Mean ertugliflozin terminal phase t 1/2 ranged from 7.1 to 11.2 hours across the 4 studies and was similar between the FDC and coadministered treatments in each study. For metformin, median t max ranged from 2 to 3 hours, but overall was similar between FDC and coadministered treatments at each dose studied. Across the 4 studies, metformin mean t 1/2 ranged from 11.9 to 16.4 hours.
A statistical summary of treatment comparisons for ertugliflozin/metformin FDCs and coadministration of individual components is presented in Table 3 , with individual subject ratios for PK parameters shown in Figure 3 (ertugliflozin) and Figure 4 (metformin). For each ertugliflozin and metformin dosing strength, the 90%CIs of the AUC inf , AUC last , and C max GMRs (FDC vs coadministration) for plasma ertugliflozin or metformin fell within the acceptance range for bioequivalence (80% to 125%), indicating that there were no meaningful differences in C max , AUC inf , or AUC last between the FDC and coadministered treatments in any of the studies. Mean ± SD plasma metformin concentration-time profiles following a single oral dose of ertugliflozin/metformin FDC or coadministration as individual tablets under fasted conditions. Linear (principal plots) and semilogarithmic (inset plots) scales are shown. Values below the lower limit of quantification (2.00 ng/mL) were set to 0 ng/mL for analysis. FDC, fixed-dose combination; SD, standard deviation.
Safety Assessments
There were no deaths, serious AEs, severe AEs, or temporary or permanent discontinuations due to treatment-emergent AEs following a single oral dose of ertugliflozin and metformin when administered as a FDC or when coadministered. The most commonly reported AEs across the 4 studies were gastrointestinal events and headache. Gastrointestinal events were reported by a total of 26 subjects assigned to FDC (range 3-9 across the 4 studies, the lowest being ertugliflozin/metformin 2.5 mg/500 mg and the highest 7.5 mg/1000 mg), and 34 subjects with concomitant administration (range, 6-16 across the 4 studies, the highest being ertugliflozin 7.5 mg + metformin 850 mg and n = 6 in each of the other 3 studies). Headache was reported by a total of 12 subjects assigned to FDC (range, 2-6 across the 4 studies) and 8 subjects with concomitant administration (range, 1-4 across the 4 studies).
The majority of AEs were mild in intensity, with the exception of 11 events in 9 subjects, which were moderate. Of these moderate events, 9 events occurred in 7 subjects assigned to ertugliflozin/metformin 7.5 mg/850 mg FDC or 7.5 mg/1000 mg FDC, and the remaining 2 events were in 2 subjects receiving those doses as concomitant administration. There were no clinically significant laboratory abnormalities or changes in blood pressure or pulse rate.
Discussion
Coadministration of ertugliflozin and either USsourced or EU-sourced metformin tablets was bridged to ertugliflozin/metformin FDC tablets by a combination of bioequivalence study data and in vitro dissolution data. The primary objective of the 4 bioequivalence studies presented here was to demonstrate bioequivalence of the 3 strengths of ertugliflozin/ metformin FDC tablets and the individual components at respective strengths, under fasting conditions in healthy subjects. The secondary objective was to evaluate the safety and tolerability of the FDC tablets and the coadministered individual tablets.
Bioequivalence was demonstrated as the 90%CIs for the GMRs for AUC inf and C max for ertugliflozin as well as for metformin fell within acceptance criteria for bioequivalence (80%-125%). Two pivotal bioequivalence studies conducted using the highest (ertugliflozin 7.5 mg/metformin 1000 mg) and lowest AUC, area under plasma concentration-time profile; AUC inf , AUC from time 0 extrapolated to infinite time; CI, confidence interval; C max , maximum observed plasma concentration; FDC, fixed-dose combination. a Geometric mean ratios: test/reference (FDC/coadministration) of adjusted means and 90%CIs expressed as percentages. b The sample sizes for the geometric mean ratios are shown in Table 2 . c Based on mixed-effects model.
(ertugliflozin 2.5 mg/metformin 500 mg) strengths of ertugliflozin/metformin FDC tablets, demonstrated bioequivalence to the respective doses of ertugliflozin and US-sourced metformin coadministered as individual components. In addition, all ertugliflozin/metformin tablet strengths (7.5 mg/ 1000 mg, 7.5 mg/500 mg, 2.5 mg/1000 mg, and 2.5 mg/500 mg) dissolved rapidly (>85% release in 15 minutes) in a multimedia dissolution test. Thus, 4 strengths of ertugliflozin/metformin FDC tablets (7.5 mg/1000 mg, 7.5 mg/500 mg, 2.5 mg/1000 mg, and 2.5 mg/500 mg) are considered bioequivalent to respective strengths of ertugliflozin and US-sourced metformin coadministered.
Two other pivotal bioequivalence studies performed using 7.5 mg/850 mg and 7.5 mg/1000 mg ertugliflozin/metformin FDC tablets, demonstrated bioequivalence to 7.5 mg ertugliflozin when coadministered with either 850 mg or 1000 mg EU-sourced metformin as individual components, respectively. In addition, all ertugliflozin/metformin tablet strengths (7.5 mg/1000 mg, 7.5 mg/850 mg, 2.5 mg/1000 mg, and 2.5 mg/850 mg) dissolved rapidly (>85% release in 15 minutes) in a multimedia dissolution test. Thus, 4 strengths of ertugliflozin/metformin tablets (7.5 mg/1000 mg, 7.5 mg/850 mg, 2.5 mg/1000 mg, and 2.5 mg/850 mg) are also considered bioequivalent to respective strengths of ertugliflozin and EU-sourced metformin coadministered.
A single-dose regimen under fasted conditions was selected to demonstrate bioequivalence of ertugliflozin and metformin in FDC tablets to the individual components coadministered together as this was considered more sensitive than fed or multiple-dose regimens for assessment of the release of the drug substance from the drug product into the systemic circulation, consistent with US Food and Drug Administration guidance. 24 A recent food effect study of ertugliflozin/metformin FDC has also shown that food did not meaningfully affect the PK of ertugliflozin or metformin when ertugliflozin 7.5 mg/metformin 1000 mg FDC tablet was administered with a highcalorie, high-fat meal. 5 The BID dosing requirement of the FDC is in contrast to the established QD dosing regimen of ertugliflozin. A phase 1 study demonstrated equivalent exposure (steady-state AUC 24 ) and similar steady state urinary glucose excretion for BID and QD administration of ertugliflozin at the same total daily dose (2.5 mg BID vs 5 mg QD and 7.5 mg BID vs 15 mg QD), 25 which supports the BID administration of ertugliflozin as a component in ertugliflozin/metformin FDC.
Given the favorable phase 3 efficacy of ertugliflozin in the VERTIS MET study 12 and the bioequivalence shown in these 4 phase 1 studies, the FDC formulation of ertugliflozin and metformin is expected to be efficacious in patients with T2DM. The FDC tablets were well tolerated in the 4 studies reported here, supporting the safety profile of ertugliflozin in the VERTIS MET study. 12 Although sample sizes were small and direct comparisons between studies are not possible, there was no evidence of a dose-dependent safety signal from the current FDC data. Gastrointestinal events may have been caused by metformin, as these are the most common AEs reported after metformin administration. 26 For patients with T2DM who are inadequately controlled on metformin alone, the addition of ertugliflozin is well tolerated and provides effective glycemic control and a reduction in body weight and blood pressure. 12 The ertugliflozin/metformin FDC formulation provides a convenient mode of administration for combination therapy for patients initiating ertugliflozin on a metformin background and for patients switching from coadministration of ertugliflozin and metformin to the FDC.
Conclusions
The studied doses of the FDC tablets (ertugliflozin 7.5 mg/metformin 1000 mg, ertugliflozin 7.5 mg/ metformin 850 mg, and ertugliflozin 2.5 mg/metformin 500 mg) are bioequivalent to the corresponding doses of ertugliflozin and metformin when coadministered. These clinical data, along with the in vitro multimedia dissolution data, support the bridging of PK, pharmacodynamic, safety, and efficacy data obtained in the phase 3 VERTIS MET study to the various strengths of the ertugliflozin/metformin FDC tablets. United States and/or European Union or (2) in programs that have been terminated (i.e., development for all indications has been discontinued). Pfizer will also consider requests for the protocol, data dictionary, and statistical analysis plan. Data may be requested from Pfizer trials 24 months after study completion. The deidentified participant data will be made available to researchers whose proposals meet the research criteria and other conditions, and for which an exception does not apply, via a secure portal. To gain access, data requestors must enter into a data access agreement with Pfizer.
